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A self-assembled monolaver of 2.2'-bipyridine (22BPY) molecules on Au(l111) underwent a structural phase
transition when the polarity of a bias voltage was switched in scanning tunneling microscopy (STM)
experiments. The nature of two bright spots representing each 22BPY molecule on Au(l11) in the high-
resolution STM images was identified by calculating the partial density plots for a monolaver of 22BPY
molecules adsorbed on Au(111) using tight-binding electronic structure calculations. The stacking pattern of
the chains of 22BPY molecules on Au(l11) was explained by examining the intermolecular interactions
betwveen the 22BPY molecules based on first principles electronic structure calculations for a 22BPY dimer.,
(22BPY)>. The structural instability of the 22BPY molecule arrangement caused by a change in the bias voltage
switch was investigated by estimating the adsorbate-surface interaction energy using a point-charge
approximation for Au(111).
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Introduction

2 2-Bipyridine (22BPY) is a typical bidentate chelating
agent for transition metal ions. and its derivatives are among
the most widely utilized class of ligands in coordination
chemistry.'~ Metal-22BPY complexes have been investi-
gated for many applications. including photocatalytic systems.
electroluminescent devices. solar cells. and DNA repair
schemes.” 22BPY has two pyridine rings connected via a
C2-C2' bond. which has been estimated to have approxi-
mately 10% double-bond character.” 22BPY can have
several conformations. as shown in Scheme 1. In principal.
the molecule mav assume different conformations when
adsorbed on a metal surface. The first conformation is the
coplanar cis-form (180" angle of rotation) with a dipole
moment equal to 3.8D and Cx symmetry. The second con-
formation is the coplanar trans-conformation (0° angle of
rotation) with a zero dipole moment and Cx, symmetry for an
isolated 22BPY molecule.

Tivo pyridine rings can be rotated around the C2-C2' axis
by an angle between (” and 180° resulting in a geometry
with C» symmetry.® 22BPY shows a s-trans-planar confor-
mation (Scheme 1b) and has Cy, symmetry in the crystalline
state.” When incorporated into metal complexes. 22BPY
functions as a bidentate ligand (chelate effect). In these
cases. 1t exists in a ¢fs coplanar conformation (Scheme la)
and has C symmetry. However. lower symumetry confor-

(c) 40° twist

Scheme 1. Possible confonmations for 22BPY. (a) cis-configu-
ration; (b) trans-configuration; (c) cisoid-(twisted) contiguration
with a torsion angle of approximately 40

mations must exist between these two extremes (Scheme
l¢). In solution. the molecule is in its transoidal-confor-
mation. which 1s m agreement with quantum chemical
calculations.”

The adsorption of 22BPY at the Au(111) solution interface
has been examined using cyclic voltammetry. a.c. voltam-
metry, chronocoulometry. and second-harmonic generatiou.?
These results suggest that 22BPY is adsorbed in a flat orien-
tation at the negatively-charged interface with the two
aromatic rings parallel to the gold surface. The molecules
assume a vertical orientation at the positively-charged surface
with the two nitrogen atoms of the coplanar ¢7s-confor-
mation (as m Scheme la) binding the molecule to the
surface.’

In electrochemical environments. individual organic mole-
cules at the solid-liquid interface adsorb onto the substrate
surface and form a monolayer. which can be mmaged by
scanning tunneling microscopy (STM) as a function of the
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substrate potential*'” The charge on the substrate surface
can vary significantly by changing the bias voltage between
the substrate and reference electrode inserted i the liquid. A
surface charge densitv of as high as ~0.] electron per atom
can be achieved. A change in surface charge density can
affect the stability of a molecular arrangement in an ad-
sorbed monolaver, which can induce a structural phase
transition. "’

For heterocyclic molecules with nitrogen lone pairs, the
adsorbate-surface interaction on Au(lll) involving the
nitrogen lone pair orbitals is strong at high substrate
potential.? When the surface 1s negatively charged. 22BPY
on Au(lll) adopts a flat omentation in which the two
aromatic rings of 22BPY are parallel to the Au(l11) surface.
When the surface 1s positively charged, 22BPY adopts a
vertical onientation in a coplanar c¢is configuration in which
the two nitrogen atoms face the metal surface. Lipkowski ef
al.” reported that 22BPY shows multi-state adsorption on
Au(l11). At the negatively charged interface. the molecule
assumes a flat orientation with the two aromatic rings
parallel to the gold surface. A coplanar cis-conformation
with both nitrogen atoms coordinated to the substrate
surface was suggested at the positively charged interface.’

22BPY is adsorbed flat on a negatively charged Au(l11)
surface maintaining the trans configuration. and vertically at
a positively charged surface adopting a coplanar cis configu-
ration. Moreover, the flat to vertical orientational transition
1s gradual and goes through a series of torsional intermediate
states.” Tao ef af. reported that the 22BPY molecules orient
vertically and form a well-ordered phase on a positively
charged Au(l11) substrate.” STM images of the well-
ordered phase were interpreted as the 22BPY molecule
adopting a cfs conformation with the two nitrogen atoms
toward the surface."”

In STM and in situ surface-enhanced infrared absorption
spectroscopy (SEIRAS) study. Noda ¢f o/ observed orienta-
tional and two-dimensional phase transitions in the 22BPY
adlayer. which facilitate more dense packing of the mole-
cules at more positive potentials.”* 22BPY is adsorbed flat at
<—0.4V(SCE) and vertically at more positive potentials. The
vertically oriented 22BPY molecules adopt a ¢is confor-
mation and coordinate to the surface through the two nitro-
gen atoms. In association with the flat to vertical orienta-
tional fransition. the ordered domains in which molecules
are stacked into rows like "rolls of coins” are formed."

From an analvsis of their high-resolution STM images,
Tao et al. reported that each 22BPY molecule 1s represented
by two bright spots and suggested that these bright spots are
associated with the two nitrogen atoms of 22BPY (Figure
1)." To a first approximation. the STM image of a sample is
well described by the partial electron density plot fi(ra.ep) of
the saniple surface. 1317 These plots were calculated using the
extended Huckel tight binding (EHTB) electromc band
structure method' and have been indispensible in inter-
preting STM 1mages of many organic and inorganic com-
pounds.

In particular. calculations for hydrocarbons on graphite’®'’
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Figure 1. Structure of 2.2-bipyridine (22BPY). The small and
large open circles represent the H and C atoms, respectuively, and
the filled circles indicate the N atoms.

showed that sulating molecules adsorbed on a metallic
substrate can be detected by STM for two reasons: the
orbitals of the msulating molecules mix, albeit slightly. into
the energy region of the substrate’s Fermu level, and the
molecules are close to the tip. As the extent of orbital mixing
mcreases, the electron density of the adsorbed molecules n
the associated o(r, ¢ plot increases. so the adsorbed
molecules appear as bright spots in the corresponding STM
unages. It 1s often the uppermost atoms of the adsorbed
molecules closest to the tip that domunate the o(r. &) plot
and are observed in the STM images. If the 22BPY mole-
cules adsorbed on Au(lll) stand vertically on the surface
with the N atoms facing the surface, the two uppermost
hydrogen atoms of each 22BPY (/.¢.. Hl and H2 in Figure 1)
would be closest to the tip. Therefore, it 1s expected that the
two spots representing each 22BPY in the STM image
would be associated with the two uppermost hydrogen
atoms rather than with the two N atoms. which are further
away from the tip.

This study examined the natwe of two bright spots
representing each 22BPY molecule mn the high-resolution
STM images of 22BPY molecules on a Au(111) surface. the
stacking pattem of chains of the 22BPY molecules on
Au(111). and the structural instability of the three confor-
mers arrangement of 22BPY caused by a bias voltage switch.
In order to achieve this objective. STM images of 22BPY
molecules adsorbed on Au(111) were simulated by calcu-
lating their partial density plots. examining the binding
energy of a 22BPY dimer. (22BPY)- based on first princi-
ples electromic structure calculations. and estimating the
surfacecharge dependence of the 22BPY-Au(lll) inter-
action with the point-charge approximation for a Au (111)
surface.

Partial Density Plots and STM Images

The STM images of 22BPY molecules adsorbed on
Au(111) were simulated by calculating the partial density
plots (1. €p) based on the EHTB method for a monolaver of
22BPY adsarbed on a slab of Au atoms consisting of three
lavers of Au atoms parallel to the Au(lll) surface. A
monolayer of 22BPY molecules was constructed using the



440 Bull Korean Chem. Soc. 2008, Vol. 29, No. 2

(a) (b)

Figure 2. p(r.) plots calculated for a monolayer of 22BPY
molecules adsorbed vertically on a Au(111) surtace with r, = 3 A;
(a) with the N atoms facing the surface and {b) with the N atoms
facmg away from the surface. The white circles in (a) refer to the
H1 and H2 atom positions, and white circles m (b) the H4 and H3
atom positions. The contrast covers the electron density variations
in the 0.0-1.0 x 107% electrons au™ in (a), and 0.0-40 x 107
electrons au™ i (b).

molecules stacked vertically on Au(111) with an interplanar
distance of 3.4 A (ie.. the van der Waals contact distance
between the two carbon atoms). Two vertical arrangements
of 22BPY molecules were considered; the N atoms facing
the surface (case 1), and N atoms facing away from the
surface (case 2). The partial density plots were made on the
plane lving 3.0 A above the upper most atoms of the
vertically adsorbed molecules (f.e., ;= 3.0 A).

Figure 2a shows the partial density plot o(r..ep) calculated
for case 2, i.e.. when the HI and H2 atoms are closest to the
tip. The plot shows that each 22BPY molecule 1s represented
by the electron densities of the Hl and H2 atoms. The
distance between the two HI and H2 atoms 1s approximately
2.1 A. which is consistent with the distance between the
bright spots representing each 22BPY molecule in the high
resolution STM 1mages. Figure 2b shows the partial density
plot p(r;.e¢) calculated for case 2. i.e., when the H4 and H3
atoms are closest to the tip. The plot shows that each 22BPY
molecule is represented by the electron densities of the H4
and H3 atoms with no contribution from the lone pair
orbitals of N. The distance between the H4 and HS atoms of
22BPY is much longer than 2 8 A (the distance between the
two nitrogen atoms is approximately 2.8 A). which is incon-
sistent with the distance between the bright spots represent-
ing each 22BPY molecule in the high resolution STM
images."! Consequently, the bright spots in the STM images
of the 22BPY molecules adsorbed on Au(lll) should be
assigned to the H1 and H2 atoms of 22BPY molecules. This
means that the 22BPY molecules are adsorbed on Au(l11)
through interactions with the nitrogen lone pair.

Interaction between 22BPY Molecules

The stacking pattern between 22BPY molecules was
analvzed by examining the intermolecular interaction bet-
ween 22BPY molecules by performing first principles
electronic structure calculations for a dimer, (22BPY)s, in
which the two molecules are arranged parallel to each other.
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Figure 3. Amangement of two 22BPY molecules m a dimer
(22BPY ). where 4 is the overlap distance between the two
monomers, and « 1s the interplanar distance between the two
monomers.

as shown in Figure 3. The relative positions of the two
22BPY molecules n this dimer were determined using the
two geometrical parameters ¢ and . Here. «a is the inter-
molecular distance. and ¢ is the extent of overlap between
two 22BPY molecules n the top projection view of the
dimer. ¢ = 0 signifies that the nearest termimal H atoms of the

Table 1. Dimerization energies AE (in kcal/mol) of the dimer
(22BPY); at the local minimum-energy structures under the
constraint that the monomers are parallel to each other

afh) dd) AF (keal/mol)

0.8 -2 39083
2 3908.3

1.6 4] 914.6
El 466.1

2 -3 2421
3 2421
11 (.0

2.4 -3 78.6
3 78.3
11 -0.1

2.8 -3 227
3 22.6
10 0.2

32 -3 6.1
3 6.0
10 0.2

36 -3 1.8
3 1.8
9 -0.2

4 9 -2

4.4 8 -2

4.8 2 0.7
8 -0.1

32 9 —0.1
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Figure 4. Three-dimensional surface plot of the binding energy AE
(in keal/mol) of (22BPY); as a function of the gemetrical
parameters  and a (in A).

two 22BPY molecules just touch in the top projection view.
while a negative ¢ value indicates that the 22BPY molecules
overlap 1n the top projection view of (22BPY).. For the
electronic structure calculations, the hyvbrid density func-
tional method was emploved at the level of B3LYP/6-
311G(d.p) implemented in Gaussian98 code. ' The structure
of 22BPY was kept constant at the structure optimized with
the same level of calculations.

The dimenzation energy of (22BPY)-, AE, which is de-
fined as the energy of the dimer minus twice the energy of
the monomer. was calculated as a function of the geo-
metrical parameters o and . Table 1 summanzes the com-
putational results for (22BPY):. Figure 4 shows the essential
trends in the calculated dimerization energies as a three-
dimensional surface plot. As a function of @ and 4. the
minimum energy swrface of Figure 4 is when the distance
between the nearest atoms of two monomers is bevond the
van der Waals distance.

Table 1 shows the dimerization energies. AE. calculated
for the local minimum-energy structures of (22BPY)-.
obtained under the constraint that the 22BPY mononiers are
parallel to each other. Note that in the region of a = 2.0-3.60
A there are two minimum-energy structures with differing
degrees of overlap between two 22BPY molecules. 7.e.. one
with overlap (d < 0) and the other without (d > 0). In the
region of a = 2.0-3.60 A. the dimers are with overlap (@ <0)
of 3 A (see Figure 3). In the a =2.0 over and d = 8.0 A
region. the dimers have no overlap (¢ > 0) and the dimeri-
zation energy AE has a negative value. Only when the
intermolecular spacing is close to the van der Waals sum of
two carbon atoms (/e.. 3.4 A). the two local minimum-
energy stnictures show comparable stability (Table 1).

Full geometry optimizations for (22BPY): in the regions
of the low-energy structures lead to six local minumum
energy stmuctures with a negative AE (7e.. the dimer for-

Bull. Korean Chem. Soc. 2008, Vol. 29, No. 2 441

/7T \Y) ’}-"': * ;‘-1‘ ~ _ :'“\‘: M~
SR Y
S oo P
| =
. S ;_%
s — ,_,,.Af/
(a) M1 (-4.3) (b) M2 (-0.1) (c) M3 (-2.4)
P! s/ \. . — — —_—
I g AVAVAVAW
(d) M4 (-4.0) (e) M5 (-2.2) (f) M6 (-0.2)

Figure 5. Local minimum-energy structures of (22BPY).
optimized without constraints at the level of BALYP/6-311G(d.p).
The numbers in parentheses refer to the binding energy (keal/mol)
of the dimer.

mation 1s energetically favorable), as shown in Figure 5a-f.
The two most stable structures of (22BPY): have C-H "N
hydrogen bonds between the two monomers. The remaming
four dimer structures originate from interplanar van der
Waals interactions and have C-H-—-H-C hydrogen bonds
between the two monomers. The three most stable structures
show rotation via around the N-C-C-N single bond at each
22BPY monomer. Optimized and twisted 22BPY dimers
show an extent of rotation of approximately 40° The surface
in Figure 4 is a flat area in the range of a = 2.0-5.2 A_and
above d =8 A_ It was assumed that the flat area is consistent
with the observation that two kinds of kinks occur in the
STM images of 22BPY molecules on Au(111). One sudden
translation of a section of a chain in a direction perpen-
dicular to the chain by approximately 2 A can occur without
changing the orientation of the chain with respect to the
underlying Au(111) lattice direction. The other translation is
the sudden bending of a chain by 120° which allows the
chain to follow an equivalent direction on the Au(1ll)
lattice. These results are similar to those reported for 1.10'-
phenanthroline =’

Therefore. the stacking of 22BPY molecules on Au(ll1)
observed in the STM images should be descnibed n terms of
the interactions between the nitrogen lone pair and the gold
atom as well as the interplanar van der Waals interactions. "
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Substrate-adsorbate Interaction in Terms
of the Point-charge Approximation

Three 22BPY conformers were considered. wlich are
shown 1n Scheme 1: (a) cis-configuration: (b) frans-configu-
ration: and (¢) cisoid-(twisted) configuration with a torsion
angle of approxinately 40° In order to examine how the
stability of the monolaver structure of each 22BPY confor-
mer on Au(lll) might be affected bv a change in bas
voltage. 1t 1s necessarv to estimate the dependence of each
22BPY conformer-Au(l11]) interaction on the charge of the
Au(111) surface mduced by the bias voltage. The effect of
charge on Au(111) was exammed by representing the Au(lL11)
surface by a smgle sheet of 25 pomnt charges Jlocated at the

R | B

(a) (b) (©)

Figure 6.1. Vertical and parallel amangements of a 22BPY cis
contiguration on a model surface made up ot point charges located
on the 3x3 mesh points.
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Figure 6.2. Vertical and parallel arrangements of a 22BPY trans
configuration on a mede] surface made up of pomt charges located
on the 3x3 mesh points.
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Figure 6.3. Vertical and parallel arrangements of a 22BPY c¢isoid-
(twisted) contormation with a torsion angle of approximately 40°
on a model suwrface made up of point charges located on the 3x5
mesh pomts.
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3x3 Au positions on the Au(111) surface (Figure 6) and then
performing first principles electronic structure calculations
using the B3LYP hybrid method for a 22BPY molecule and
the model surface. As shown in Figure 6.1-6.3, three kinds
of arrangements were considered between each 22BPY con-
former and the model surface with § = +0.05 and 0.05.
Similar results were obtamned for the other & values examin-
ed. Therefore. in the following. only those based on & =
+0.05 and 0.05 are discussed. The 22BPY-Au(lll) mnter-
action energy. AE, was calculated as a function of the
distance  between 22BPY and the model surface. where the
distance » 15 given from the surface to the closest atoms of
22BPY 1n each case of the three conformers of 22BPY.
Figures 7.1-7.3 summanze the calculation results where
the mteraction energy AE, refers to the energy of a 22BPY
molecule mteracting with the model surface system mmus
that of an 1solated 22BPY molecule and 1solated model
surface. The adsorption becomes energetically favorable
with decreasing AE,. When the ¢is configuration is perpen-
dicular to the Au(l11) surface with the N atoms facng away
from the surface, a negative surface charge 1s more favorable
for adsorption than a positive surface charge (Figure 7.1a).
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Figure 7.1. 22BPY-Au(111) interaction energy AFE; calculated as a
function of the distance between the model surtace of point charges
& and the closest atoms of the 22BPY ¢is configuration to the
surface: (a)a 22BPY cis configuration is perpendicular with the N
atoms tacing away from the surtace, (b) a 22BPY c¢is contiguration
1s perpendicular with the N atoms facmg the surface, and (c¢)
22BPY cis configuration lies flat and paralle] to the surface. The
AE, values for &= 0.03 are represented by filled circles, and those
for &= +0.035 are indicated by empty circles.
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Figure 7.2. 22BPY-Au(111) mteraction energy AFE, calculated as a
function of the distance between the model surface of point charges
¢ and the closest atoms of the 22BPY trans configuration to the
surface: (a) the 22BPY trans configuration 1s perpendicular with
the N atoms facing awav from the surtace, (b) the 22BPY trans
configuration is perpendicular with the N atoms facing the surface,
and (¢) 22BPY trans configuration lies flat and paralle]l to the
surface. The AE, values for & = 0.05 are represented by filled
circles, and those for &= +0.03 are indicated by empty circles.

(a) 0.4
B 02f

5 of oo

GC) 0.2} .,".———.——‘.—-_.

(0]

04

2 25 3 35 4

distance (A)

(b) 04

02f &—0—0—eo—@

energy (eV)
o

02 | o———O"0—’O—’0
-0.4
1.85 2.35 2.85 3.35 3.85
distance (A)
o) . °

0.2 ® @ * s
o——o0—0—0—90

2 25 3 3.5 4
distance (A)

-0.2 +

04

energy (eV)
o

Figure 7.3. 22BPY-Au(111) interaction energy AFE, calculated as a
tunction of the distance between the model surface of point charges
& and the closest atoms of 22BPY cisoid-(twisted) conformation
with a torsion angle of approxmmately 40° to the surface: (a) a
22BPY cisoid conformation is perpendicular with the N atoms
facing awayv trom the surface, (b) a 22BPY cisoid conformation is
perpendicular with the N atoms facmg the surface, and (¢) 22BPY
cisoid conformation lies flat and parallel to the surface. The AE,
values for &= 0.05 are represented by filled circles, and those for
&=+0.05 by empty circles.
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When a cis configuranon 1s perpendicular to the Au(lll)
surface with the N atoms facing the surface. a positive sur-
face charge 1s more favorable for adsorption than a negative
surface charge (Figure 7.1b). A positive swface charge 1s
more favorable than the negative surface charge for the flat
arrangement of a cis configuration (Figure 7.1¢). Regardless
of the sign of the surface charge, when a trans configuration
1s perpendicular to the Au(lll) surface. 1t has similar AE,
value, m which the gap to error can be ignored (Figure 7.2a).
A positive surface charge 1s more favorable than a negative
surface charge for the flat arrangement of a trans configu-
ration (Figure 7.2b). When a cisoid-(twisted) configuration
1s perpendicular to the Au(lll) surface with the N atoms
facing away the surface. a negative surface charge 1s more
favorable for adsorption than a positive surface charge (Figure
7.3a). When a cisoid-(twisted) configuration for 22BPY 1s
perpendicular to the Au(l11) surface with the N atoms facing
the surface, a positive surface charge is more favorable for
adsorption than a negative surface charge (Figure 7.3b).
Therefore. the cisoid-(twisted) conformation of 22BPY
adsorbed on Au(ll1) at a positively charged surface can be
Justified energetically. The flat arrangement of the cisoid-
(twisted) configuration 1s more favorable for adsorption on
the Au(lll) at a positive surface charge than at a negative
surface charge (Figwre 7.3¢). It 1s clear from the model
calculations that the stability of 22BPY adsorption on
Au(111) depends on the charge of the Au(l11) surface.

This result is consistent with experimental observation' ="
m which a self-assembled monolayer of 2.2'-bipynidine
(22BPY) molecules on Au(l11) undergoes a structural phase
transition when the bias voltage is switched in STM experi-
ments.

Concluding Remarks

The partial density plots show that the bright spots of the
high resolution STM unages of 22BPY on Au(l11) surface
correspond to the hydrogen atoms. H1 and H2. of 22BPY.
which means that in a monolver of 22BPY molecules
adsorbed on Au(111). the molecules stand vertically with
their nitrogen lone pairs interacting with the surface. The
calculated binding energies of (22BPY): can explan the
“shpping” n the chains of 22BPY molecules observed in the
high-resolution STM images of 22BPY molecules on
Au(111). The 22BPY-Au(111) interaction energies indicate
that the chain structures of the 22BPY molecules in the
monolayver on Au(111) can become destabilized when the
bias voltage is switched from a positive to a negative value
because a switch in bias voltage induces a reversal of the
polarity of the surface charge. These results are consistent
with the results reported in the literature in that 22BPY
adsorbs perpendicular to the positively-charged on the gold
surface. """ The molecule assumes a cis-configuration
with nitrogen atoms pointing towards the surface.
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